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Energy landscapes
Energy
Atoms vibrate at 1012 Hz

Rare events (activated
events) occur at 106 Hz
or less

Generic problem:

How to explore the space of variables of a
high dimensional cost function?
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To compute the dynamics in a
system dominated by activation
barriers, i.e.:
1. Uncorrelated jumps
2. High barriers wrt kBT
we need to know:
1. Knowledge of saddle points
2. Prefactor

Standard Kinetic Monte Carlo
In standard KMC, the problem studied must be defined on a lattice
A list of events must then be
constructed.
Including the final sites we get:
210 = 1024 different events and
barriers and prefactor
At a given moment, we select one of
the possible events at random based
on their rate r of occurrence
and make the move and update the
clock according to
A. B. Bortz, M. H. Kalos, and
J. L. Lebowitz, J. Comput. Phys. (1975).
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defects with a given recombinaarizes the diﬀerent events taking
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fects and point-defect clusters with solute atoms, cannot
be obtained experimentally and its calculation requires
to consider a large number of possible cases.
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and compared. These paramDomain et al. / Journal of Nuclear Materials 335 (2004) 121–145
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Kinetic Monte Carlo simulation of the
evolution of radiation damages in Fe
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Fig. 2. Example of evolution in time (logarithmic scale) of the number of SIA (grey) and vacancies (black), both total (t
in cluster (thin line), during the ageing of a 20 keV displacement cascade in Fe–0.2%Cu.

Example of a simulation at 600 K

lation was performed. The time scale of these events is
spread over about 13 decades.
3.1.1. Eﬀect of migration energies and mobilities
In Fig. 3, the example of a 20 keV MD cascade aged
in pure Fe (a) and Fe–0.2%Cu (b) using the three diﬀerent parameter sets, described in Tables 1–5, is reported.
The average clustered fraction of point defects as a function of time (by decades) is shown. The error bars correspond to the standard deviation. All curves are
interrupted when statistics become too poor. Full symbols denote the evolution of the percentage of SIA in
clusters; open symbols the same for vacancies.

all SIA clusters within 10!8 s, i.e. long befo
vacancy migration onset. Therefore, accor
set the kinetics of SIA and vacancies are c
rated. Note that, even in relatively hig
cascade irradiation conditions, such as self
tation ("10!4 dpa/s) or high-flux test reac
dpa/s), in a 100a0 · 100a0 · 100a0 simulatio
ond cascade will only appear after "1 s or m
fore, from the point of view of intercascade
and damage accumulation eﬀects, it is mo
part of the cascade ageing simulation tha
looked at. This means that, without traps,
pendently of the assigned migration energy

C. Domain, C.S. Becquart & L.
Malerba, J. Nucl. Mat. (2004)

Limitations of Standard Kinetic Monte Carlo

1. Uses a predefined and limited
catalogue of known diffusions
events and barriers at T=0
can miss mechanisms
2. Constrains atoms to move only
on a predefined lattice which can
be real or effective
atoms are not always on lattice
3. Supposes that there are no longrange interactions between
defects
elastic effects can be important

kMC withG. Henkelman
event and
listH. Jónsson
rebuilding at each step
J. Chem. Phys., Vol. 115, No. 21, 1 December 2001
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FIG.are
6. Snapshots from a simulation of ripening of Al adatoms on an
state, the saddle point configuration, and the final state are shown. Atoms
Al!100" surface. Initially 20 atoms were deposited at random on the surface,
shaded by depth and the atoms that move the most in each transition
are
a coverage of 0.4. After 6 ns !10 transitions" all the adatoms have merged to
labeled. The energy of each transition is given in eV. The lowest energy
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This method works well for small or simple systems. However, the
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Overcoming these limitations
Over the last few years, many methods have also tried to introduce
a catalog with off-lattice configurations
Kinetic ART (El-Mellouhi, Lewis and Mousseau, PRB 2008)
• uses ART nouveau (currently, fastest saddle-point search method)
• Topological classification, handles any complexity and full elastic effects
Self-Learning KMC (Kara, Trushin,Yildirim and Rahman, JPCM 2009)
• limited saddle point searching capacities (drag + repulsive bias potential)
• pattern recognition based on the existence of a lattice (no elastic effects)
Self-evolving atomistic KMC (Xu, Osetsky and Stoller, PRB 2011)
• uses dimer method
• new searches in local environment (no elastic effects)
Local-environment KMC (Konwar, Bhute and Chatterjee, JCP 2011)
• NEB for predetermined mechanisms (biased catalog)
• Local geometrical classification (no elastic effects)

KINETIC ART
Can we recover
the dynamics of
relatively complex
systems dominated
by activated diffusion?

Kinetic ART
1) Generates the catalog and refines events with
ART nouveau
2)Classifies and reconstructs events with
Topological analysis - NAUTY
3) Evolves the system with

Kinetic Monte Carlo

Example: Finding barriers with ART nouveau
The activation-relaxation technique is defined in three steps.
1) Leave the harmonic basin;
threshold determined by value of
lowest curvature
2) Push the configuration up along
the corresponding direction;
energy is minimized in the
perpendicular hyperplane;
can converge to the saddle point
with any desired precision
3) Minimize the energy;
bring the configuration into a
new minimum

Barkema & Mousseau, Phys. Rev. Lett. 77 (1996);
Malek & Mousseau, Phys. Rev. E 62 (2000);

Systematic study of interstitials in Iron
M.-C. Marinica, F. Willaime and N. Mousseau, PRB (2011)

• Interstitial-type defects formed by the clustering of self-interstitials produced
under irradiation have rather peculiar properties in α-iron by comparison
with other body centered cubic (BCC) metals

• In α-iron isolated self-interstitial atoms (SIA) have a rather large migration
energy, about 0.3 eV.

• Nanometer size clusters – or dislocation loops – have either ⟨111⟩ or ⟨100⟩
orientation in Fe.

• The structure of interstitial clusters with intermediate size is largely unknown
although they play a key role in the loop growth mechanism.

• The barrier height is such that MD can easily get trapped into specific minima,
and not sample all mechanisms.

Systematic study of interstitials in Iron

• Ackland-Mendelev potential
• ART nouveau
• 1024 atoms
• 50 trajectories which are stopped after 2000 successful activation events
(each taking less than a week)

octahedral configurations. The latter two were not investigated before. And finally comes
the third nearest neighbor jump.
In order to test the accuracy of the energy barriers found in the ARTn simulations, we
have re-calculated them using two-ended methods. We used both the drag method25,26 and
the NEB method11,12 . The results are found to be the same for the three methods within at
most 0.01 eV. This is also the case when using smaller cell sizes (129 atoms). The results
are summarized in the Tab. I.

Mono-interstitials in Iron

Di-interstitials in Iron
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FIG. 3: Schematic representation of the lowest-energy configura
of the di-interstitial.

configurations, the barrier being only 35 meV ; and (3) to m
I23a
I23c (not shown) with a barrier lower than 10 meV, i.

I4 in Iron

(side view)

(top view)
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FIG. 10: Schematic representation of the lowest energy configurations of I4 (below t
continuum).
D.

Tetra-interstitials

The same ARTn simulations performed for I4 yield an even larger number of
rations (Fig. 9), with more than 1500 distinct bound configurations. The bindin
110⇥
110⇥
between I3
and I1
is 1.4 eV. The lowest energy configuration is made of ⇥0⇥
dumbbells which are slightly tilted from 110⇥ (see Fig. 10). The next two configura
obtained by on-site rotations of the dumbbells respectively to the 110⇥ and 111⇥ di
The latter configuration, at 0.20 eV, is the beginning of the continuum of states.

Some applications of ART nouveau
Ab initio calculation of defects diffusion mechanisms in Silicon, GaAs
El-Mellouhi and NM - PRB (2004, 2005), J. Appl. Phys.(2006); Malouin, PRB (2007)

Amorphous silicon - structure, relaxation and activated mechanisms
Barkema, Song, Malek, Kallel and NM - PRL (1996,1998, 2010), PRE (1998), PRB (2000, 2001,2003)

Amorphous gallium arsenide - structural properties
Lewis and NM - PRL (1997), PRB (1997), Barkema and NM, JPhys:CondMatt (2004)

Interstitials in Fe
M.-C. Marinica, F. Willaime and N. Mousseau, PRB (2011)

Silica glass - structural properties, activated mechanisms
Barkema, de Leeuw - NM - JCP (2000)

Lennard-Jones clusters and glasses
Brébec, Limoge, Malek and NM, PRB (2000), Def. Diff. Forum (2001)

Protein folding
Derreumaux, Wei and NM - J. Mol. Graph. (2001), JCP (2003), Proteins (2004);
St-Pierre, Derreumaux and NM (2008)

Protein aggregation
Boucher, Derreumaux, Melquiond, Santini and NM - JACS (2004), Biophys. J., Structure (2004), JCP
(2005), Accounts Chem. Res.(2005), Proteins(2006), JCP (2006,2007)

A topological classification
We suppose that all configurations can be classified in terms of their
topology and that the events generated will have the same topological
evolution.
1. Using the neighbour list, a
graph is generated
2. The graph is analysed at its
topology identified
3. All graphs with the same
topology belong to the same
class
F. El-Mellouhi, NM and L.J. Lewis,
PRB 78, 153202 (2008).

(a)

NAUTY
NAUTY is a program for computing automorphic groups of graphs; it can
also produce a canonical labelling taking into account symmetry operations
of the graph.
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Brendan D. McKay, Practical Graph Isomorphism, Congressus Numerantium, 30 (1981) 45-87.
http://cs.anu.edu.au/~bdm/nauty/

Topological analysis with NAUTY
Take a sphere
around each atom

Prepare the graph of
connectivity between
atoms and label them

(c)
(b)

NAUTY

(d)
[ 912419 ]

(a)

1. Store the topology label in a hash table, rehash the label if clustering
occurs;
2. Update the occurrence of the topology;
3. If topology is completely new, store it and find the events and rate lists
associated with it.

The algorithm
After an event :
1. The topology of all the atoms within the active part
of the event is evaluated again;
2. If the topology is known, import the list of events; if
not, generate ART events;
3. If some of the old topologies do not have enough
events, try a few more ART steps;
4. Store these new topologies.
5. Relax all relevant barriers to take into account elastic
effects
6. Compute rate and apply KMC

Taking into account long-range elastic effects
100 %

Sum of all rates of
GENERIC event
rate 1 +..rate n

After each event, saddle points are refined and
the energy barriers are reevaluated to take in to
account short and long-range effects.
To decrease the costs, only events with lowbarriers are refined. Those with a high barrier
are given the default value associated with the
init

Barriers 0.3‐0.4 eV

Event 7
rate 7

Event 8
rate 8

Barriers 0.2‐0.3 eV

Event 4
rate 4

Event 5
rate 5

Event 6
rate 6

Barriers 0.1‐0.2 eV

Event 1
rate 1

Event 2
rate 2

Event 3
rate 3

rate 1 + …+ rate 8

99.99%
Stop reﬁning
rate 1 + …+ rate 6

55%

of total rate

rate 1 + rate2 + rate3

Taking care of low-energy barriers
Separate states in

absorbing
states

transient
states

• low-energy barriers
• ﬁnal states: a<er some
• fast transi8ons between 8me the system will
end up in a a.s.
t.s.
• high-energy barriers

The Mean Rate Method

Puchala et al., JChP 132, 134104 (2010)
LK Béland, P Brommer, F El-Mellouhi, J-F Joly and NM, PRE 84, 046704 (2011).

Other features
•
•
•
•
•
•
•

Use the LAMMPS forceﬁeld library
Fixed prefactor (typically 1013 s-1)
Handles alloys directly
Parallelized for events and forceﬁeld
Order (1) force calcula8ons
Various capabili8es at selec8ng events, species, etc.
Flexible handling of boundary condi8ons, including surfaces

Elastic effects - specific barriers
~1000 atoms
Stillinger-Weber
potential
6 vacancies
500 K
~1200 events
120 μs

Only generic events
~1000 atoms
Stillinger-Weber
potential
6 vacancies
Only generic events,
no relaxation for
barriers
500 K
~5000 events
0.001 s

peaks, not their shape. Using MD [21] instead of SRIM to
determine the defect’s position changes the distribution of
the IV pairs in the initial population, producing a higher
temperature tail in the case of more concentrated damage,
but the shape of the experimental signal is not reproduced.
To attempt to better capture the complex relaxation
between the various structures forming the disorder, we
turn to k-ART, an off-lattice self-learning KMC method.
k-ART couples ART nouveau for the event search with a
27000
box,
300
K,and
1 atom
topological
analysisatoms
tool for the
catalog
building
with a
KMC algorithm
for the time
implanted
atpropagation
3 keV [29,30]. By performing an extensive search for saddle points and fully
relaxing the relevant energy barriers before each event,
k-ART is able to take into account short- and long-range
1 nsThesimulated
with MD,
serves
elastic effects.
topological analysis,
performed
with as
NAUTY [37], allows a stable and reliable management of
initial
configuration
for
kART
run
events even for disordered and complex configurations
such as vacancy diffusion in Fe [38] and relaxation in
amorphousComparison
silicon [30].
with nanocalorimetry
We first inject a 3 keV Si atom into a 300 K 100 000experiments
is possible
atom slab of
Stillinger-Weber silicon
with a Langevin bath
as boundary condition perpendicular to the trajectory of the
implanted atom,
simulating
effect of a low-energy
lowHandling
ofthelow-barrier
by basin
fluence ion-implantation experiment. The cell is then
mean-rate
makes
these
relaxed using
MD for 1–10method
ns. A 27 000-atom
subpart
of
the cell containing
the defects
is then cut out and placed
runs even
faster
into a box with periodic boundary conditions along all
directions, to eliminate surface effects. We generated
three independent samples following this procedure and
thenBéland
launched et
several
300 K2013;
k-ARTPRB
simulations
al, PRL
2013 on each
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eement with the direct estimation, and that
nðt ¼ 0Þ ¼ 53E$1:7 . With this distribution, we compute
heat released under experimental conditions, including
initial annealing period of 30 s at the implantation
mperature to reflect experimental conditions. Results
shown in Figs. 1(a) and 1(b). The agreement between
mulation-derived energy release and experiments at both
and RT is excellent, especially considering that the
mulations are performed with an empirical potential.
The correspondence between simulations and experints is nontrivial. A uniform density of process,
E; tThe
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example,
a flat heat release
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h as that observed in higher implantation fluences [36]
basin method acceleration.
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Heat release as a function of temperature

Revisiting: understanding telegraph noise
With Antoine Jay, Mélanie Rayne, Anne Hémeryck,
Vincent Goiffon, Nicolas Richard and Pierre Magnan

1. 1 million atoms initially
2. 10 to 100 keV
3. Relaxation first with MD (1 ns) then k-ART
4. Stillinger-Weber

Revisiting: understanding telegraph noise

10 ps 1ns 100 ns

1 ms

10 s

A possible candidate: a tri-interstitiel flicker

Application to amorphous silicon

1. What is the relation between average
coordination (i.e. defects) and
relaxation?
2. How do defects move?
3. No accelerated technique has been
applied to these disordered materials

Joly et al, PRB 2013; PRB (submitted 2015)
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RESULTS
A. Initial relaxation

T=300 K

Lifetime

Stability of vacancies

of 1.525
eV or less disappear upon
s relaxation, leaving at most
one or two coordination defects; 93% of the vacancies that
ms
disappeared upon minimization had a formation energy under
20compared to only 25%us
2.5 eV
of those that survived. Of the
original 1000 999-atom models,ns547 annihilated their vacancy
in this first step, leaving 453 vacancy configurations for
15
ps
k-ART simulations. The final distribution of vacancy volumes
fs
(excluding vacancies that were destroyed
upon minimization)
0
0.2average
0.4volume
0.6of
is shown
in
the
inset
of
Fig.
1,
showing
an
10
Activation barrier (eV)
64.9 ± 9.1 Å3 .

Frequency

results in the partial or total disappearance of the
ted coordination defects, without another vacancy
created close by. In some cases, this condition is not
nt as the local environment oscillates between two
with and without coordination defects. Therefore, to
er the vacancy to have disappeared, we require to
e both a change in coordination and a corresponding
drop due to the structural relaxation around the defect
999-atom
(1 vacancy)
With these
criteria, abox
vacancy
in an oscillatory state is
re considered present in the system.

5

B. k-ART simulations

Kinetic ART simulations were launched on the remaining
453 configurations.
As could be expected from disordered
0
systems, fs
their kinetics
events, i.e.,s
ps is dominated
ns by oscillatory
µs
ms
flickers, with rare activated mechanisms that lead to effective

1

0.5

Vacancy formation energy (eV)

Atomic von Mises stress (MPa)

change in volume of the vacancy during the initial
t descent relaxation is strongly correlated with the local
catalog:
120it isevents
e feltInitial
by the missing
atom32
before
removed. Figure 1
Vacancy lifetime
that, as expected, vacancies under compressive stress
3.5
4
o contract even more while sites under tension also
FIG. 3. (Color online) Histogram showing the lifetime of th
E
basin = 0,45 eV
3
3.5
by a large amount. In contrast, sites where the atoms are vacancies
that were annihilated. Inset: distribution of lifetimes
very little pressure tend to keep their original volume. stationary3 vacancies as a function of the activated barrier
2.5 of th
iginal
of vacancy
volumes
upon creation is
24variation
processors
(Intel
Westmere-EP).
annihilation
2 present
2.5 event (first event where vacancy ceases to be
ed simply because sites under compressive (tensile)
1.5
end to have smaller (longer) bonds, resulting in a smaller The blue 2line represents the Boltzmann factor at a temperature
Mostvolume.
vacancies disapear within 1 ns300 K. 1.5
r) vacancy
1
vacancy formation energy, defined as

structural evolution. The vast majority of vacancies annihila
(N
− 1)
Here,Evacancy
survives
after
120
μs
0.5
0
E1 ,
(2) rapidly—in
f = E2 −
less
than
one
nanosecond.
Figure
3
shows
th
N
-0.5
0distribution of the annihilated vacancies:
lifetime
175 ou
E1 is the total energy of the full N-atom system and
-2 -1.5 -1 -0.5
0
0.5
1
1.5
2
of
453
(39%)
are
unstable
and
are
destroyed
after a sing
he total energy with a single atom removed, represents
Atomic pressure (MPa)
k-ART
step.
The
number
of surviving vacancies after 1 µ
rk needed to create the vacancy. Figure 2 shows Ef as

Vacancies in Iron

M. Eldrup, B.N. Singh / Journal of Nuclear Materials 323 (2003) 346–353

Accumulation of point defects
and their complexes in
irradiated metals as studied
by the use of positron
annihilation spectroscopy

40-50
vacancies

M. Eldrup and B.N. Singh, Journal of
Nuclear Materials 323 (2003) 346–353.

OUR APPROACH:

50 randomly placed vacancies
in 2000-atom box;
Mendeleev Potential.

9-14
vacancies

Vacancies in Iron
50 randomly placed vacancies in 2000-atom box; Mendeleev Potential.
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C diffusion in Fe (in progress)
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What are the fundamental
mechanisms responsible for
metal dusting ?
1. Use Becquart’s C-Fe EAM
potential
2. Start with simple defects :
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O.A. Restrepo, N. Mousseau, F. El-Mellouhi,
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Trochet,
S.for Fe and C
Figure 10:O.
Top Bouhali,
plane <001> and
perspective
views ofC.
jumps
during the112,
simulationPart
at 600 K.
up to 2Fe atoms
are moved at same step
Becquart, Computational Materials Science
A,In a)96-106
(2016).

Fig
Fe

C-substitutional in Fe
A complex
diffusion:
C-interstitial
diffusion barrier:
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CONCLUSIONS
Kinetic ART is an efficient on-the-fly kinetic MonteCarlo algorithm
It uses a topological description for the classification
of events; the flexibility of nauty allows us to take
into account multiple components and more
It defines two classes of events:
low-energy barriers that must be refined after
each event
high-energy barriers which are treated as
ensemble

Kinetic ART is particularly useful for the study of diffusion in
when strain effects are important or asymmetries prevent the
use of standard KMC (e.g. presence of defects, interface, etc.).
It is ideal for problems where
where the type of barriers evolves with time — selforganisation and aggregation phenomena
with complex environments - alloys, grain boundaries,
disordered systems
A number of details make the method efficient:
parallelization
recycling of low-energy barriers
handling of highly symmetric events
handling of blinkers
use of local forces for O(1) calculations

K-ART CODE
available at normand.mousseau@umontreal.ca
distributed freely/collaboration preferred for first project
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